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SUMMARY 

*In order to understand the operation and lnteraotion of Jet 
engine components during engine operation and to determine how ccm- 
ponent characterietlce may be used to compute engine performance, 
a method to analyze and to estimste perfozvnance of such engines wa8 
devised and applied to the sttiy of the characteristics of a research 
turbojet engine built for thie investigation. An attempt was made 
to correlate turbine performance obtained from engine experiments 
with that obtainsd by the eimpler procedure of eeparately calibrat- 
ing the turbine with cold air aa a driving fluid in order to lnvesti- 
gate the applfcabillty of component calibration. AFter correction 
for blade-tip leakage, the turbine-characteristic curvea of weight 
flow and total-weseure ratio checked with the results frcmt cold- 
air component calibration. Some discrepancies in efficiency were 
noted between the two sete of experiments. Despite such errora, 
turbine-compreesor interaction may be accurately determined, but 
some error in exhaust preesure may be involved. 

From analyeie of the component calibrations, predictions that 
investigation of the engine without modifications would not cover 
an adequate range of turbine performance were verified by the 
engine performance. The range of turbine operation warn extended by 
etudy of the engine with modifications of the compreaeor. 

The system of analysis was also applied to prediction of the 
engine and component performance with assumed modifications of the 
burner and bearing characteristica, to prediction of component and 
engine operation during engine acceleration, and to estimates of the 
performance of the engine a& components when the exhaust gas was 
ueed to drive a power turbine. 
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INTRODUCTION 

WA TIV Ho. 1701 

In order to understand better the performance chsracteristics of 
Jet-propulsion engines, a research unit was designed and built at 
the HACA Cleveland laboratory under the direction of Eastman R. Jacobs. 
The operation and the interaction of the components of this u&t 
tier all possible engine operating conditions were studied. Pre- 
liminary studies of the compressor a& turbine performanc 8 were first 
made and reported in references 1 to 4. An analysis of the 00811- 
ponent data (reference 4) showed that the constraint imposed on the 
turbine by operation with the ccaapressor in the engine would limit 
obtainable data to a very small portion of the good efficiency range 
of the turbine. In fact, the range was expected to be so small that 
In view of the relatively large experimental errors expected In the 
engine data, 110 reliable indication of the location of the region 
for best turbiae operatfon was anticipated. In order to circumvent 
this difficulty, two sets of engine experiments were made. After 
the initial Investigations of the engine were cormpleted, the com- 
pressor stator blades were reset for a lower air capacity and the 
engine was rerun. These two sets of data were sufficient to give 
a reasonably aocurate picture of the turbine performance over the 
most Important range. 

B‘ram the chsracterlstlcs of the components, the operation of 
the engine components uader all possible modes of engine operation 
were investigated during 1946; the stMy in&tied the effect of 
bearing and burner mcdificatlons on engine performance, operation 
of the engine and components during acceleration, and operation of 
the gas turbine and components when a power turbine is driven by the 
Jet-engine exhaust. The basis of the analysis, which was developed 
for this purpose, is a siwrltaneous graphical solution of the equa- 
tions relating compressor suM.turbine speed, power snd gas flow, and 
the curves expressing the performance characteristics of ccmpressor, 
bearings,burner, and turbine. 

The compressor component of the engine (fig. 1) was an elght- 
stage compreseor described in reference 1 but modified for instal- 
lation in the engine by replacing the discharge scroll collector 
with an axial-flow diffuser containing a row of straightening blades. 
The rear-canpressor Journal ti tapered-land thrust bearings and the 
turbine Journal bear- were contained in a cone supported by struts 
from the outside wall of the diffuser (fig. 2). An outer shell bolted 
to the ccmpressor casing supported the turbine casing. Inside this 
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shell, the outer wall of the annular'combustion chaniber was bolted 
to the outlet exkl of the diffuser aad was connected to the turbins 
casing with an air-tight expansion Joint, The diffuser caeing a& 
caubustion chsmberwithpart of the outer wall and the sup~Ug 
shell removed is shown In figure 3; acme of the 27 irgividual 
burners are also shown. Both inner anb outer walls of theccnn- 
bustion chamber were provided with oooling shields designed to 
allow atr from the compressor to flow between the shields snd the 
wall. Ineachburner,the fuel(propsne gas)was sprayed Promtwo 
bars upstream of a perforated plate, which extended across the flow 
area. Ignition tubes connected the ccsibustion tones of the various 
burners. 

The entire ccqressor, the diffuser, and the bearing supports 
were made of alumkum. Turbine rotors, rotor blades, cud the first 
set of noztle blades were made of Blmotic 80, seco&l aab thzlrd sets 
of statorblades ofTitalliurm,axxlremainingportions of the machine, 
which were subJect to high temperatures, were rpade of Z.xonel. 

The engine was designed to operate at a canpressor pressure 
ratio of 3.36, a gas flou of 4.18 pea per second, and a rotor 
speed of 13,010 rpm for a ccqressor-inlet temperature of 4400 R 
and a ccimpressor-inlet pressure of 739 potnds per square foot. 

The en&ma inletwas connectedtothe laboratoryrefrigerated.- 
air supplythrougha large stagnationchssiberardthe engine outlet 
was oonnected to the altitude exhaust.systeut. The stagnation 
chamber, ccl;mp~essor, and turbZ.ne were completely lagged. Straight- 
eners and screens were installed in the stagnation chamber to give 
uniform gas flow at the compressor inlet. 

Air flow was measured in the inlet duct- of the engine witha 
calibrated variable orifice of&l&percent accuracy. Fuel flow was 

measured with a standard A.S.M.E. thin-plate orifice. 

The location of other instrument stations is shown in figure 3. 
Three Iron-constantan thermccouples and two static-pressure taps 
were located at the compressur Inlet (station 1) in the stagnation 
chaniber. Inasmuch as the velocity in this chamber was very low, 
the static pressures and observed temperatures were considered to 
be equivalent to the stagnation conditions. At the ccmpressor 
outlet (station 2), were located three total-pressure tubes, 
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three thermocouples, and two static-pressure taps. The Iron- 
constantan thermocouples were equipped with recovery heads. Tem- 
perature readings were accurate to 0.5 percent of the differentdal 
from 32O F. When the data were averaged, the total-pressure read- 
ings were weighted for local mass flow. 

At the entrance to the turbine (station 3), six thermocouples 
and six total-pressure tubes were instaJ.lsd. The tI+ermocouples used 
at the turbine inlet were shielded as ahown in figure 4. This uon- 
structlon shielded the thermocouple and pro$ded ventilation. Con- 
duction of heat away from the junction was reduced by bathing a 
section of the thermocouple tip in flowfng hot gases. Because the 
data obtained from these thermocouples often showed gas temperature 
variations as great as 8000 F at the turbine inlet, an average of 
the six temperature readings was not considered accurate enough 
for use in calculating perforce. The principle use of these 
thermocouples was to determine the engine operating conditions. 
Chromel-alumel thermocouples were used at this station a& the 
thermocouples were read within 2 percent of the different&l From 
room temperature. 

At the turbine outlet (station 4), readings of total pressures 
a& temperatures were taken downstream of the straightening vanes 
and between the struts supporting the streamline tail cone. At 
this station, no tangential velocity component was assumed to exist. 
Six total-pressure tubes a& nine chromel-alumel thermocouples were 
used at this station. Although six of the thermocouples had recovery 
heads and three were of the shielded type used In the turbine inlet, 
no significant differences in readings of the two types were noted. 
Variatim In tqerature readings between various stations indicated 
a probable error of the mean value of the exhaust temperature varying 
frcm about 2O to 33O F. This error caused no error in the enthalpy 
drop inthettarbipg Al!&, equivalent isentropic enthalpy drop in 
the turbine As,t/BT,3, equivalent turbine torque W3AHt/no T,38T,3, 
and equivalent turbine gas flow W3n/oT,3 +,3r but did result in 
a maximum robable error of 1 percent In equivalent turbine gas flow 
W3/6T,3 /- &r,3 and equivalent turbine speed n/5, and a maxImum 
probable error of 2 percent In equivalent turbine enthalpy drop 
bHt;/g~,~ and turbine efficiency. 

Q 

Shaft speed was measured by an alternating-current generator 
built into the compressor. The rotative frequency was determined 
by ccpaparison of the output frequency of the built-in alternator 
with that of a calibrated variable-frequency generator. These 
measurements were accurate to withIn 1 percent. 
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Thermocouples were also installed in the oll.lines and on the 
bearings In order to determine the bearing power losses 8nd oil 
viscoBity. 

PROCEDURE Am CALCULATIONS 

Inaccuracy of the measured turbine-inlet temperature and the 
unknown heat losses made It impossible to determine fMm the inlet- 
and outlet-gas temperatures the mechanical-power input from the gas 
to the turbine rotor with the desired accuracy. This power was 
ccmputed by adding the power output of the compressor to the gas 
arul. the power absorbed by the bearings. All symbols are defined in 
the appendix. 

The bearing-power consumptions were determined from the heat 
absorbed by the lubricatin@; oil. The front compressor bearing had 
a sepsrate oil supply from the remainder of the bearing system, 
which consisted of rear compressor and turbine bearings, contained 
between the compressor and the turbine. In order to reduce the 
heat-transfer error to a minImum while the bearing power was cal- 
ibrated, the inlet-air temperature was matched with the mean oil 
temperature while the front-bear- power consmqtion of the ccm- 
pressor was measured over a range of speeds. In calibratdng the 
rear-beering system, the compressor-outlet-ai temperature was 
matched with the mean oil temperature for the system. The rear bear- 
ing was then calibrated over a range of engine air pressures in 
order to vary the thrust but no effect of load on the thrust bearing 
could be found. When the bearUg-power consumptions were reduced to 
equivalent values for mean oil temperature of 100° F, both sets of 
bearings showed a power absorption exactly proportionalto the square 
of the speed. 

The range of conditions for operation and study of the engine 
was limited by several factore. Simulated high-altitude cperatfon 
had to be avoided because of the failure of the burners to operate 
satisfactorily with low pressure. There were two limitations on 
the temperature of the intake air: (1) Inasmuch as the compressor 
was made of aluminum, the inlet-air temperature was so limited that 
the compressor-outlet-air temperature did not exceed 3CC" F 
because of the reduction in the yield stress of this metal above 
300° F; and (2) because investigation of the performance over a 
wide range of the ratio of turbine-inlet-gas temperature to 
ccmpressor-inlet-air temperature T3/Tl was desirable, very cold 
inlet air had to be used to explore engine operation at high values 
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of this parameter without exceeding the maximum safe metal tempera- 
ture oftheturbine. Periodic checks during the course of the 
experiments revealed that no creep of the wheel had taken place after 
76 hours of engine operation at or below gas temperature of 1250° F. 
The turbine rotor blades rubbed on the casing at the conclusion of 
a B-hour peri& of operation at 1350° F with speeds varying fram 
110 to 215 rps. Subsequent measurements showed that the first rotor 
had stretched 0.067 inch and the second rotor, which was about 150° F 
cooler, stretched 0.005 inch. The radial stress at the blade roots 
was estimated to be 16,000 pour&s per square inch. For this stress, 
static-stress data on Nlmonlc 80 showed that the critical metal 
temperature was in the region of 1200° to 1250° F. Suaceeblng 
operating gas temperatures were oonsequently limIted to 1250' F and 
.no further difficulties were noted. 

Engine data were obtained over a variable range of the equi- 
valent compressor speed 44% and the equivalent temperature 
ratfo er,S/eT,l 

Y 

where 

n rotative speed of engine, (rps) 

8 ratio of the square of sonic speed of gas to the square of 
sonic speed for normal air 

Subscript T denotes stagnation condition. Numerical subscripts 
indicate conditions at stations shown in figure 3. Because the 
measured turbine-inlet temperatures were not considered exact 
enough for computation of 6T d&f 1, these temperatures were cop11- 
puted framthe turbine-outlet'temp&atures ani fram the bearing 
and compressor power. Operating conditions of the engine were 
approximately set for desired values of 8T,.,/%,l *om the read- 
ings of the turbine-Inlet thermocouples by using 

where 

R gas constant, (f't-poundal/(lb)(cR)) 

7 ratio of specific heats 
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5 ratio % 3&l uas setatvalues frcm4.43 tovalues for 
fbl input of'sem. Corrected caupressor speeds varied from 90 to 
esorps. 

5 emthslpy rise of the air in the ocmpressor was determined 
f!kcm the mtagmtion inlet- d outlet-a3r temperatures a& the tables 
c&mfeuxme 5 (pp. 992 to 994). .5 iaentrcqic enthalpy rise was 
cQpll[teil frcmrthe mtagmtion pressures e,l ad pr 2 and the 
- tIib1EJ8. Fortheturbine,the &&lpyofthe exLst~swa8 
m m the exhaufnt temperature TT 4, the fuel-air r&lo f, 
d the dmrta of refemence 6. The enthe&& drop in the turbins was 
thena0t- ftcas the eqnation 

WI (1 + f)(%,3 - %,4) -WI &,2 - BT,1)+ 'a 

!bim ~utationwithmaasur edvalues for f a3~3 pT,3 completely 
43atdhl.iehedthe sta&3ofthegas atstation3. 5ieentropic 
emtMLpydropthrou&theturbinewasthenccqutedfr~ +,3, f, 

PIT,33 Plp,4' sndthechzcteofrefers~e6, 

Ipref ermce 4, the range of turbine operation obtainable f'rcxu 
s@.rm erperimemks vas predicted to be insufficient for accurate 
detterdmtian of effi~iemcy contours and location of region of 
lIl@mat efficiency. This prediction was verified by the results on 
~JMB emgim, T&t range of turbine operationwas then etielsded by 
remktingthe Ststorbladss ofthe ccmpmasor foralcuerair flow, 
ardtheexper3mf3ntsimrethenrepeated. Only one resetting of the 
vctr stator blades was necesm to cover a sufficient range 
uf tmrbins operation. 
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Prom the engine experimente, the performance of the ccmpreesor, 
the combustion ohamber, and the turbine component8 were eeparately 
evaluated. Curves faired through these data were then used to 
evaluate the engine performance cud to examine the interaction of 
the engine components. 

Compreseor Perfmoe' 

If a small Reynolds number effect is aesumed, the ocmplete 
compressor performanoe ie determined by any two independent para- 
meters, provided all parameters are dimeneionlees or axe given in 
equivalent values. If the independent variable8 chosen are the 
equivalent speed II/,,/- and the equfvalent air &eight 

flew Wll%,lJql, these variables determine the depelvient 
p--ters AHa, ,&, 1 a AH&+, 1 

where 

AH*,o ieentropio rise in etagnation enthalpy (ft-pounial/lb) 

AEc etagnation enthalpy rice of air in oompreeeor, 
(ft-poundal/lb) 

El& ,2 - %,1r 

0 rat30 of gas density to normal air density 

The oompreseor efffcienoy ie the ratio of these two parametera. The 
pressure ratio pT,2/pT,l is a function only of the equivalent Isen- 
tropic enthalpy rise AHe,d+l and the temperature ratio ie a 
functfon only of the equivalent enthalpy riee AHJ&r 1. In order 
to obtain good fair- of the ccmpreeeor data, functi& of the 
four fundamental parameters just deeoribed. were used instead of the 
original parameters. These parameter8 were construuted to reduoe the 
dependence of the resultant funotiona on ccvnpreseor epeed. With 
the parameters AH,,dn2 and As/n2 ae ordinate and ab60i8saL, 
curves were falred through the data for oon&ant epeede and not only 
the data for one particular speed but aleo the data for other 
speeds were oonaidered. A eyatematic effect of inlet-air tempera- 
ture was notkeable'. A plot of data selected for mean compressor- 
air temperature equal to the room temperature ehowed much better 
correlation, which indicates the effect of heat loet to the roam 
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air. The resultant plot is shawn in figure 5. The straight lines 
are contours of constant effloienoy. The discontkM.ty, which may 
be seen in all curvea, lndioates the incidence of oompressor surge. 
The portion of the curves In the region of low efficiency represents 
operation in a region that is normally the surge region although no 
fluctuation In compressor-outlet-air pressure was noticed during 
operation of the engine. 

An additional ohart ia required to express the relation between 
the compressor air flow and the other compressor performance variables. 
This ohsxt is a plot of pressure ratio p~,~/%,~ against the air- 
flar w=eter Wln/bT,2%~,2 for constant values of the equivalent 
compressor speed n/d-, as shown in figure 6. Only the data 
used in figure 5 (mean compressor air temperature equal to room 
temperature) are plotted on this chart. When any uncertainty 
existed as to the falring of the ourves, the data for several of 
the speeds were plotted on a chart that showed little speed effect 
(AH, c/n2 n as coordinates with contours for constant 

aA.8 

and 'l!oT 1 
n/ &i) l T&s, the data allowed several speeds to be 

considered in &ring a curve for any one speed. The region beyond 
the surge line for each curve in figure 6 is shown connected with 
the normal operating portion by a dotted line lmii~atlng the absence 
of any data for that section of the curve. 

Turbine Performance S' 

For correlation of the turbine performance, the corrected turbine 
gas flow was plotted with the equivalent isentropic enthalpy drop. 
No effeot of speed was observed; a definite grouping of the data, 
however, took place according to the turbine-inlet temperature. 
This grouping is shown in figure 7 where the data for turbine-inlet 
temperatures of 190°, SOOO, and 1250° F are plotted. The curve 
for an inlet temperature of 190° F, shown for comparison, was 
obtained from the data of reference 4, whioh reports the turbine 
performance obtained from calibrating the turbine component alone 
by the use of air at 190° F. The gas flow at 1250° F is from 6 
to 17 percent higher than the gas flow for the same pressure ratio 
at 190° F and was believed to be caused by variation in the leakage 
flow through the blade-tip clearance space, which varied with gas 
temperature. In order to account for this discrepanoy, a very crude 
method was used to estFmate the leakage. According to reference 7 
(p. 271), the leakage flow may be eat-ted by assuming twice the 
mass flow per unit area in the clearance space as for the rest of 
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the annular area of the turbine. If a linear variation of the tem- 
perature of the wheel and the blades varying from 200° F at the 
center of the wheel to the turbine-inlet stagnation gas temperature 
at the tips of the blades and a casing temperature equal to turbine- 
inlet stagnation gas temperature are assumed, the olearanae flow 
space could be computed for each temperature. The wheel runs oooler 
than the Insulated case and as a result of the metal expansion, 
the clearance will expand with lncreaelng temperature. When the 
gas-flow data were corrected for clearanae variations from measured 
values of W3 to values of W3l, whloh oorrespond to operation 
at a turbine-inlet temperature of 190° F, the data showed no vari- 
ation of gas flow for temperature, rotative speed of the turbine, 
or whether the data were obtained from engine- or turbine-component 
experiments (fig. 8). All turbine-performance parameters for which 
the symbols are primed have thus been oorrected for the effect of 
leakage. The enthalpy drop is corrected by assuming that no work 
was obtained from the leakage air. 

In order to obtain complete correlation of the turbine performanoe, 
an additional chart presenting corrected work output at constant 
values of equivalent speed is required. 

Because of the Inability to measure acourately the turbine- 
Inlet temperature, the turbine equivalent speed could not be 
aocurately set at preassigned values during engine operation and 
turbine data could not be directly plotted for constant equivalent 
speeds. An auxiliary ohart was therefore prepared by plotting 

curves of W3'A%*t against 
W31n 

mT,3 'T,3 
for oonstant assumed 

0T,3eT,3 
-- 

values of ddF3. These curves were dlreotlyobtainsd from the 
faired curve of &tare 8(b), which showed no epeed effect and which 
was considered to have perfect correlation. The efficlenoy oontoure 
as indicated by the data were then drawn and the oorrected work output 
was determined fY.om the isentropio work and efficiency valuss. A 
typical curve of correoted equivalent enthalpy drop against the 
equivalent isentropic enthalpy drop for an equivalent speed of 155 rps 
is shown by the solid curve in figure 9. Also shown are data , 
obtained for equivalent turbine speeds between 130 and 140 rps. 
There are two sets of engine data shown; one set was obtained from 
the engfne with the original settings .of the compressor blades that 
correspond to the performance ourvsa In figure8 5 snd 6; and the 
second blade settings, which were merely used to explore a larger 
operational range of ths turbine. The importance of this procedure 

. 
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may be seen from figure 9, which shows that the data obtainable with 
the original blade settings are insufficient to give reliable 
effioienoy curves because of the short range and the erperimental 
errors. 

Also shown on the oharts for ocsrparison are the results obtained 
from the turbine-oomponent experiments (reference 4). The discrep- 
ancies shown are unaooounted for. In scpp8 oa8es agreement Is good, 
but where there is disameement the data obtained in the engine 
experiments show a more rapid variation of effioienoy with vari- 
ation in enthalpy drop. The ccanplete plot of turbine performance 
is shown in figure 10. A speed for -imum efficiency is 155 rps, 
which is closer to the design value of X36 rps than was the 
indicated optimum speed (180 rps) measured with cold air (refer- 
enoe 4). One possible reason for the shift in speed at maximum 
efficiency is the heat loss from the gas at high temperatures of 
operation. With heat loss through the wheel as well as to the 
casing, the volumetrio expansion of the gas after paesing through 
the first turbine stage would be less than when the engine was run 
with oold air. Consequently, the second-stage gas vslooities 
would be deoreassd and lower wheel speeds would be required for 
optimum operation of the second stage. This erplanatlon does not 
account for the 1oU efficiency maximum in the region of an 
equivalent speed of 85 rps. 

Because of this effect of heat transfer on efficiency, char- 
aoteristics obtained with hot gas are desirable if turbine- 
component experiments 8se oonsidered neoesmy. 

This shift in effioiency will probably be very much smaller for 
a single-stage turbine than for a multistage turbine because the 
volumetric charge caused by heat loss primarily affects operation 
of second or later stages. 

It will be obvious from subsequent analysis that with a turbine, 
which operates choked or nearly so in the first stage, aocurate 
estimates may be made of compressor operation in the engine from 
component data even if the turbine efficiencies are in errcr, 
provided that accurate mass-flow characteristlos of the turbine are 
available. . 

Combustion Chamber 

The other significant component of the engine is the oombustion 
chamber. Two variables depending upon combustion-chamber performance 
are needed to determine the over-all engine performance, the pres- 
sure ratio p~,~/p~,z,and the combustion-chamber efficiency q. 
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Pressure loss. - The combustion-chamber pressure loss coneiste 
of two components: (1) the friction loss, which is independent of 
the burning process, and (2) the momentum pressure loss, which 
depends on the over-all temperature ratio TT,5/TT,2 of the com- 
bustion chamber. An analysis of these'losees based on an idealized 
form of the combustion chamber is made in reference 8. The data 
obtained could not be correlated onthe basis of this analysis. 
Aside from possible inaccuracies of the data, another probable 
cause of the discrepancy is indicated by the fact that some of the 
data showed lower pressure loss with increased combustion rates 
for comparable air flows. This anomaly is impoaeible with the 
assumption of a tubular combustion chamber of uniform flow area, 
as is indicated in reference 8. In this engine, the cambuetion- 
chamber flow area expanded and the flow diffused between the com- 
pressor and the combustion zone and, to some extent, in the 
combustion zone. The introduction of a resistance, such as a screen 
at the outlet of a diffuser, increases the efficiency of the dif- 
fuf3er (reference 9). Combustion in the chamber of the engine 
acts as a resistance to the flow in a manner similar to a screen 
with a greater pressure drop in the combustion region of the higher 
local velocitiee. With such an effect, the data could not be 
satisfactorily correlated on a simple basis, and for the analysis, 
the assumption was made that the empirical relation 

wl 
2 

~sr,~ - "r,s = 0.4665 p~,2 lb/sq ft 

could be used, where p is the gas density in pounds per cubic foot. 
This constant was obtained from the data and yielded values that 
show extreme variations of 2.5 percent in absolute pressure at the 
turbine inlet. For the highest gas flow, the mean deviation of the 
absolute pressure is only 0.8 percent. 

Combuetion efficiency. - Combustion efficiency was computed 
from the equation 

rl = (%,3 - %,2) + f t&r,3 - Hf) 
fh 
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where 
. 

f fuel-air ratio 

h heating value of fuel, (ft-poundal/lb) 

Hf enthalpy of inccnning fuel, (ft-pou&al/lb) 

This definition of q is equivalent to the ratio of the effective 
heating value of the fuel iu increasing the enthalpy of the mixture 
to the actual heating value. According to au unpublished wsis 
conducted at the I'UCA Cleveland laboratory, it should be poeeible 
to obtain a correlation of the cmbustion efficiency with other 
cosibustion-chamber variables by a relation of the.fozm 

. 

where the quantities a and b are only functions of the variable 

w/m* Such a correlation was attempted with the data available 
by grouping data of nearly equal values of W./-i where pst 
is standard atmoepheric pressure. This plot shows excellent oor- 
relation of the data fkaan TT 3 of 640° F to the maximum teurpera- 
;;; o;;zgiTortion (fig: 11). A crltical value of the param- 

exists at approximately 3.6 powds per secoud, 
,. below which th&e is a sharp drop in combustion efficiency. Because 

W,,/Ki de&eases with increasing altitude, there will be a 

critical &titude of the engine, above whioh the combustion efficiency 
of the burner will drop off quite rapidly. During operation of au 
engine with a burner having such characteristics, no change in the 
internal aerodynamics of the engine would be noted; the engine 
would merely require more fuel to operate at the desired speed a& 
temperature. 

lIEl?EMCTlOR OF EXGINE COMPONE3ITS 

Steady-State Jet-Engine Operation 

For determination of the operation of the compressor-turbine 
combination in a jet engine, the relations between the compressor 
andturbine parameters must be used.. By assuming no exterual 
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leakage, the weight flow through the ccmpreeeor plus the fuel added 
i8 equal to the weight flow through the turbine. Therefore 

Because the use of weight flow through the turbine corrected for 
clearance expansion is desirable, a clearance correction Fg(TT 3), 
which is a function of the turbine temperature, is employed so <hat 

w3' 
is the weight flow corrected for clearance flow and 

W3 = Fg(TT 3>W3' is the actual weight flow through the turbine. 
The result& equation in terms of corrected parameters is 

Win 1 y3Ep.3 W31n 

oT,2'T,2 + f, Y$T,2 
Rg'TT,3' 1 (1) 

T,3'T,3 

This equation Is more complete than the corresponding One given in 
reference 4 because of the inclusion of the temperature Correction 
for' leakage variation. The compressor-outlet conditions are used 
to comel&e caupressor air flow beoause the coqpreeeor-outlet 
pressure is nearly equal to that at the turbine inlet. The ~eual 
equivalent air-flow parsmeter is multiplied by the equivalent speed 

to obtain the Product oT,2&p,2 - y2Pr,2 in the gas state correction 
TOP0 

factor, thus eliminating the temperature, which would oause a large 
difference between the compressor amd turbfne air-flow parameters. 
These air-flow parameters for the compressor and turbine a.re simple 
ccmbinations of the usual equivalent variables, which are used to 
correlate mmpreesor aud turbine data with only small variations of 
performanc e In terms of this parameter over a wide range of &se pree- 
curds and temperatures. In the engine, the use of variables such as 
this variable largely eliminates the effects of altitude, ram, or 
nozzle setting on ocmpressor or turbine perfomance In terms of 
equivalent variables. Factors that were neglected are the effect 
of changes in Reynolds number aad heat lose on engine perfomance.* 
In equation (11, the correction term in brackets is near unity. 

0 m 0, 

The turbine-power output is absorbed by oompreeeor, bearings, 
aud other accessories. Because enthalpy change is the energy input 
per pound of gas, 
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W, AHc + Pa - W3 AE+ 

where Pa is the power absorbed by the bearings and acceeeoriee. 
In terms-of 

Wl *Hc + 
-T,ZeT,2 

corrected equivalent parameters, 

(2) 

The torque was used rather than the power in order to avoid directly 
involving the temperature. The correction terms in brackets introduce 
a small discrepancy between the oompreeeor and turbine parameters, 
which have the dimeusion of torque. The f'mction F,(TT 3) is a 
correction term for torque as affeoted by clearanae e&ion at 
various turbine temperatures. Thus if the prims kdicatee the value 
corrected to some etandmd. clearance, the actual turbine-torque 
parameter is 

w3AHt 

mT,3eT,3 
- PiIDT~3) (3) 

In order to evaluate the correction terms, the operating con- 
ditions of the engine must be known. Because the effect of these 
terms is slight, the engine operating oonditions need be lmmn 
only approximately. The engine operation may first be estimated., 
aetyuming no corrections, and then the correction terms evaluated. 
The process may be repeated if desired after the engine operating 
conditions have been determined with greater accuracy. 

Because the torque pammeter wlAHc 
-T,28T,2 

is nearly equal to 

and the air-flow parameter wln b 
T,2'T,2 

-1s nearly equal 

to W3' 
oT,3%,3 

the compressor and turbine characterietics =e plotted 
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in terms of these variables with constant-speed contours. The cam- 
pressor chart is shown in figure 12. The portions of the curves 
detached fYom and to the left of the nearly straight sections rep- 
resent the region of low air flaw and low efficiency, normally in a 
region of lower air flow than the surge line. A plot of the same 
variables for the turbine with efficiency contours included is 
shown in figure 10. 

The approximate simultaneous operation of both the compreeeor 
and the turbine is obtained by superimposing the compressor a& 
turbine charts (figs. 10 a& 12). Any one point on the compouuied 
chart represents an operating state for both the compressor and the 
turbine when they are coupled together in the engine. This oint 
has associated with it an t3qUiValent coanpreeeor speed n/ Y- 6T 1 
and an equivalent turbine speed n/d-. Because the cdeeor 
and turbine speeds are equal, the ratio of the equivalent speeds is 
the square root of the corrected temperature ratio: 

(4) 

It is thus possible to establish lines of constant equivalent tempera- 
ture ratio on the compound chart. Any cqreeeor- and turbine- 
performanoe variable may then be determined as a function of the 
compressor equivalent speed and the engine equivalent temperature 
ratio. 

In order to correot this estimate of engine performance for 
changes in gas properties, bearing power, leakage losses, and 
cosibustion-chamber pressure loeees, the altitude of operation is 
assumed, and the correation terms in equations (1) and (2) are 
evaluated by means of the approximate correction factors obtained 
and by making use of the burner chsracteristlce and other auxiliary 
curves. These corrections applied to the compressor curves give 
approximate turbine operating conditions required to drive the engine 
ami the resulting ourvee may be superimposed on-the turbine per- 
formance charts as were the original uncorrected oompreesor curves. 
The process may be repeated if desired for additional accuracy. 
A set of compressor curves with the aorreotions introduoed and then 
superimposed on the turbine charaoterietioe is shown on figure 13. 
The correotions used are based on an inlet-air temperature TT 1 
of 480° R and an inlet-air preemre &,l of 1414 pouda per ' 
square foot. The heavy line is the surge line. The high-speed 
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range of the compressor is in the region of decreasing turbine 
efficiency and close to optimum efficiency. A reduction in bear- 
ing torque would lower these curves to the center of the high- 
efficiency region. 

If the turbine air flow is accurately -own as a function of 
the pressure ratio (or equivalent isentropic enthalpy drop), it is 
clear that on this figure the turbine curves will shift vertically. 
Because of the large elope of these curves, the intersections with 
the compressor curves will be very little affected by such an 
efficiency error and no effect would be observed for choking of 
the turbine, inasmuch as this condition results in vertical turbine 
curves. Turbine pressure ratio and therefore exhaust pressure 
ratio would be affected by such an error. Experimental results of 
the turbine performance obtained with the cold-air investigation of 
the turbine component show excellent correlation of air-flow chsr- 
acteristics and slight variations of efficiency. Hence, the results 
of cold-air turbine component experiments may be used to predict 
accurately compressor operation in the engine but slight errors in 
jet-power estimates would result from the use of such data. 

The lines of constant corrected engine temperature ratio obtained 
from equation (4) are shown in figure 14. At low speeds, the highest 
temperature ratio that may be used without surging the compressor is 
3.0. The ratio bf 4.0 has only one useable compressor speed of1 
those plotted, whereas the ratio of 4.5 is entirely in the surge. 
region for all compressor speeds. 

Operation of the compressor under these various conditions is 
shown more clearly in figure 15 where the pressure ratio is plotted 
against the air-flow parameter wln/oT,2eT,2 used in matching the 
compressor and turbine characteristics. Lines of constant compree- 
sor speed and compressor efficiency are also shown. Engine opera- 
sting conditions beyond surge are not shown although the engine was 
operated in this condition as shown by the extension of several of 
the compressor speed lines beyond the region of peak pressure ratio. 
Surge limitation for temperature ratios of 3.5 and 4.0 are clearly 
shown. 

The operation of the engine at air flows lower than for peak 
compressor pressure ratio in what is normally the surge region was 
not accompanied by the usual pressure fluotuations. In varying the 
operation of the engine frcm this surge region to the normal operat- 
ing range, the gas-flow parameter used. in the matching chart changes 
by the usual small increments. This parameter, however, uses the 
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combustion-chamber pressure to correct the weight flow. The discontin- 
uous jump iri pressure ratio therefore corresponds to a jump in the 
weight flow correlated on the basis of the inlet pressure. For fixed 
engine-inlet conditions, the actual (uucorrected) air flow through 
the engiue will also change discontinuously. This phenomenon is 
illustrated in figure 16, which shows aotual data for ccrmpressor 
speeds of 214 aud 245 rps. The disuontinuous increase in air flow 
at ~14 rps is 40 percent whereas at 245 rpe the increase is 50 per- 
cent. In both cases the combustion-chamber volume flow charged 
very little. This jump will be reflected in engine thrust when 
passing through the surge region. 

From this technique for computing engine operation, where the 
turbine characteristic. curves are vertical, indicating turbine 
choking, the comptieseor perfomance in the engine may be aocurately 
predicted independent of errors in the turbine efficieucy. The 
exhaust-pressure ratio is, however, dependent on the turbine 
efficiency. 

Over-all corrected static thrust and specific thrust of the 
engine were computed from the etching-chart data, with the 
assumption that there were no losses in the intake or the jet 
nozzle. The resultant performan ce curves,including operation at 
all possible ram pressures and jet nozzle siees, are shown in 
figure 17, which also shows contours of constant compressor speed, 
constant temperature ratio, and the compressor surge line. For 
operation at a fixed speed, increase of the temperature ratios 
beyond the limit shown by the surge line causes a sharp drop in 
thrust and specific thrust. At a temperature ratio of 3, a thrust 
of 678 pounds cti be obtained for a specific thrust of 1.06 pounds 
thrust per pound fuel per hour and a compressor speed of 290 rpe. 
The maximum operating temperature ratio that can be used at 290 rps 
without surge is 4, at which condition the engine thrust is 965 pounds 
and the specific thrust 0.84 pound thrust per pouad fuel per-hour. 
The compressor efficiency did not begin to fall off at 290 rps so 
that engine thrust and specific thrust could probably be improved. 
by operating at speeds higher than 290 rps in the high-temperature 
and high-thrust range. 

Estimated Effect of Engine Modifications 

The engine data were next applied to the prediction of engine 
psrfomance with assumed improvements in the components. The burner 
used in the engine had a peak ccmibustion efficiency of 87 percent. 
Burners now available show a peak combustion efficiency of 95 percent 
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and a friction coefficient about 40 percent of that of the burner 
employed 'in this engine. A burner with these characteristics was 
assumed to be installed in the engine. Another mcdification was the 
assumed installation of a set of low-friction bearings instead of 
the journal bearings used in the experiments. The turbine matching 
chart for operation at various engine temperature ratios computed on 
this basis for an Inlet temperature of 480° R and an inlet pressure 
of 1414 pounds per square foot is shown in figure 18. The essential 
change is the reduction in turbine torque required to operate the 
engine at various speeds. Operating conditions for desirable high 
speeds are now lowered into the region of peak turbine efficiency. 
The improvement of the bearings is therefore of special eignificance 
in this case because it not only allows more power for the jet but 
also causes the turbine to operate with higher efficiency. The 
point at the temperature ratio of 3.5 and a turbine speed n/,/3 
of 155 rps corresponding to a compressor speed n/z1 of 290 rps 
is in the region of peak turbine efficiency. 'The com&eesor operating 
conditions are only slightly changed, as shown in figure 19. The 
point for a temperature ratio of 3.5 and compressor speed of 290 rps 
is also in the region of peak compressor efficiency. The confluence 
of the peak compressor- and turbine-efficiency regions shows that 
these componen%s are perfectly matched. The resultant performance 
of the modified engine is shown in figure 20. The peak specific 
thrust in this case is 1.24 pounds thrust per pound fuel per hour. 
A comparison of figures 20 and 17 ehowetbat for a speed of 290 rps and 
a temperature ratio of 3.0, the thrust has been increased about 
5 percent from 678 to 715 pounds, whereas the specific thrust has 
been increased 15 percent from 1.06 to 1.22 pounds thrust per pound 
fuel per hour. At a temperature ratio of 4.0 and a compressor speed 
n/ JYzjy ol 290 rpi, the thrust has been increased 9 percent from 
965 to'1050 pounds, whereas the specific thrust has been increased 
21 percent from 0.84 to 1.02 pounds thrust per pound fuel per hour. 

The point at which both the compressor and the turbine are oper- 
ated'at their best efficiency (at a temperature ratio of 3.5 and an 
equivalent speed of 290 rps) is not the region of best engine effi- 
ciency because of decreasing jet efficiency with.+creasing jet 
velocities. There will, however, be a flight speed at which the best 
engine efficiency simultaneously occurs with this optimum matching 
condition. 

The engine performance estimates for both the unmodified engine 
and the engine with modifications are somewhat optimistic because the 
effect of.lnlet-diffuser and jet-nozzle losses were not taken into 
account. A reduction of about 4 to.5 percent in thrust and specific 
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thrust would be the right order of magnitude of the correction. 
Also omitted from the estimate was the power consumption of the oil 
and fuel pumps that would-normally be added to the bearing power 
consumption when computing engine performance. Although the absolute 
magnitudes of the performance parameters computed are somewhat 
optimistic, the effect of-engine changes on the improvement of per- 
formance is conservative. In the case of the analysis that takes into 
account the power required for accessories, the reduction in torque 
would take place at a higher torque level where the turbine efficiency 
varies more rapidly than near the region of maximum turbine efficiency. 

Under some conditions, improvement in cmonents might not be 
reflected in the improvement of over-all engine perfomnance. For 
example, if an engine with poor bearings is operating at a torque 
lower than the torque for maximum turbine efficiency, the reduction 
of torque requirements by improving the bearings would lower the 
turbine efficiency. Under such circumstances,the over-all perfoMnanoe 
of the engine might show no change resulting from improvement of the 
bearings. 

Acceleration of the Turbojet engine 

In order to observe the interaction of the engine components 
during acceleration, an estimate of the engine moment of inertia and 
the torque required for acceleration at the rate of 6.50 rps per 
second was made. This torque of 38.1 pound-feet was incorporated 
intO the bearing-power correction term Pa/mT,16T,l of equation (2). 
From the form of this equation, the effect of this torque on engine 
operation is seen to increase inversely as the altitude pressure; 
acceleration is therefore more difficult at altitude conditions than 
at sea level. A condition of sea-level pressure was assumed for the 
computation. The operation of the compressor is shown for the con- 
dition of acceleration in figure 21, which shows a slight displace- 
ment frcm the compressor surge region when compared with the operat- 
ing condition with no acceleration. For a fixed operating temperature, 
the acceleration state is equivalent to opening the propulsion nozzle 
or reducing the back pressure on the turbine in order to obtain the 
increased turbine power required for acceleration. Hence, if the 
turbine flow is not choked, the air flow will increase and the back 
pressure on the compressor will be so lowered that the compressor 
operating-condition ratio for engine aoceleration will be displaced 
from surge toward the region of lower temperature ratio when compared 
with the steady-state operating condition. For a choked turbine, 
the compressor operation condition will be the same for acceleration 
and for steady state with the Lame compressor speed and engine 
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temrperature ratio. If this is-he case, the determination of whether 
the compressor will operate in the low efficiency region beyond. the 
surge line when increasing the fuel input for acceleration is a simple 
matter of examination of the new temperature-ratio point at the corn- 
preesor speed for the start of acceleration. Less exhaust-nozzle 
pressure will be available than in the steady-state case for a given 
speed and acceleration temperature ratio. This fact is shown in fig- 
ure 22 in which the over-all engine total-pressure ratio for various 
engine speeds and temperature ratios are shown under the conditions 
that a torque of 38.1 foot-pounds is accelerating the engine. The 
turbine pressure ratio will increase because of the higher turbine 
power required for acceleration. 

.Operation as Hot-Gas Generator for Power Turbine. 

The compressor-turbine combination may be regarded as a machine 
for generating hot gas at a higher pressure than initially available. 
In the case of the jet engine, this gas is used to propel the air- 
plane by this reaotion. Another possible application is the use of 
this gas for driving a power turbine, which operates independently of 
the rest of the engine. The operation of such an engine was analyzed 
by assuming that the exhaust of the turbojet engine was used to drive 
a power turbine, which expanded the gas to a stagnation pressure equal 
to that at the compressor inlet. The pressure ratio of the gas generator 
was first plotted as a function of the mass flow corrected for the 
gas state at the turbine outlet. The pressure ratio was converted to 
equivalent isentropic enthalpy drop corrected for gas state at the 
gas-generator outlet. Contours of constant corrected compressor speed 
and oonstant temperature ratio are shown in figure 23. On the basis 
of such coordinates, turbine performance is independent of speed, as 
shown in figure 8. A turbine characterietic was computed on this* 
aeeu@ion with a critical air flow and pressure ratio, which cor- 
responds on figure 23 to an engine temperature ratio of 4.0 and an 
equivalent compressor speed of 220 rps. The flow through the first 
nozzle ring was assumed to be critical at a lower pressure ratio 
than any other set of blades of the power turbine, with the resultant 
isentropic enthalpy drop and flow characteristic as shown in fig- 
ure 23. This curve is merely hypothetical and serves in the absence 
of a specific power turbine with tiown characteristics. N--U, 
each power turbine-speed characteristic would be worked separately 
and the efficiency would be tioun at each point of the curve. The 
intersection of this curve with the gas-generator characteristics 
gives for each compressor speed a fixed temperature ratio 8T,3/8T,lr 

me flw wbT,1 &&-, and power output on the assumption of a power 
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turbine efficiency of 0.87. The results of these caputations are 
plotted in figure 24, which shows that the power turbine can develop 
1800 horsepower (32.2 x lo6 ft poundal/sec) with a specific fuel 
consumption of 0.56 pound fuel per horsepower-hour at an equivalent 
compressor speed of 290 rps and a temperature ratio of 4.00 for the 
gas generator. 

The ineffectiveness of the engine at low speeds is shown by the 
fact that at a speed of 180 rps, which is 62 percent of the full 
speed, the power developed is only 3 percent of full power. This 
condition indicates difficulty in starting the engine but engine 
power increases rapidly with fuel input-for temperature ratios more 
than 2.3.. A slight decrease in specific fuel consumption from the 
values in figure 24 will be attained from the exhaust jet power 
because the pressure ratio of the nozzle is equal to the ram pressure 
ratio. Inasmuch as the speed of the power turbine did not enter 
into the solution of this problem, the method of solution is always 
applicable for gas turbines whether or not the power turbine is 
connected with a gas-generator shaft, provided that the air-flow 
pressure ratio characteristics are independent of operating speed. 
If the turbine speed does influence the gas flow, the engine 
characteristics may be evaluated for each speed of the power turbine 
in the same manner as the example. 

The operation of the compressor in this gas turbine is shown in 
figure 25 by the operating curve of the compressor. The operating 
curve approaches the surge line of the compressor at the highest 
speed, so that.the performance curves of the gas turbine will show 
a decrease in engine power and efficiency as the speed and the tern- 
perature ratio increase over approximately 300 rps and approximately 
4.2, respectively. There is no means in this case for obtaining 
higher output frcpn the power turbine; however, additional engine 
power might be obtained at higher engine speeds and temperature ratio 
by bleeding some of the gas-generator discharge gas for application 
in a power jet or by redesigning the power turbine for a higher flow 
capacity. 

SUMMARYOFFUE!ULTs 

The principal results of the experimental study of operation 
ami interaction of the ccmrponente of the turbojet engine and the 
influence of the components on over-all engine performance are 
summarized as follows: 
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1. Thg one-dimensional theory of combustion-chamber lose was 
inadequate to correlate the data obtained in the burner of the 
engine. This inadequacy was probably due to the simultaneous dif- 
fusion and burning in the combustion chamber of the engine. 

2. The method of correlating combustion efficiency of the burner 
was adequate because the variables used correlated the data to curves 
that followed.the expected trend in the practical range of c-u&ion 
temperatures. 

3. After corrections were made for tip leakage, the gas-flow 
pressure-ratio characterietice of the turbine obtained from cold- 
air component ruus could be checked with the results obtained from 
the turbojet engine. 

4. As predioted fYom the component test with cold air, the 
range of turbine chsracterietics obtainable from turbojet-engine 
experiments was insufficient to eatablieh the turbine efficiency 
characterietics or to indicate how the turbine operating conditions 
fit into these chsracteristice. Resetting of the compressor etator 
blades eatisfactorily extended the range. 

. 5. The efficiency contours obtained from engine data differed 
slightly from those obtained from component data. Although the peak 
efficiency in each case reached the same maximum value, in the com- 
ponent experiments this maximum occurred at a speed.of approximately 
180 rpe whereas in the engine experiments this maxImum occurred at 
a speed of 155 rpe. 

6. Estimates of engine performance with realizable improvements 
in the bearings and burners showed that improved matching of the 
compressor and turbine high-efficiency regions was attainable chiefly 
because of reduced bearing torque. The engine modifications resulted 
in improvements in engine performance of 5 percent and 15 percent 
in equivalent thrust and specific thrust, respectively at 290 rpe 
and temperature ratio of 3.0. At an equivalent speed of 290 rpe 
and a temperature ratio of 4.0, the improvements were 9 and 21 per- 
cent in equivalent thrust and specific thrust, respectively. In 
some engines, improvement in component performance may possibly 
impair the matching of the components and result in no gain in 
over-all engine performenoe. 

7. For engine acceleration, the operation points of the corn- 
pressor for a fixed speed and temperature ratio were changed very 
little from steady-state operation but for acceleration, the turbine 
pressure ratio increased and the exhaust pressure ratio deareased 
from values for steady-state engine operation. 
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8. If the exhaust gases from the turbojet engine are used. to 
drive a power turbine, a unit can be designed that will develop 
1800 horsepower with a specific fuel consumption of 0.56 pound fuel 
per horsepower-hour at an equivalent ccmpressor speed of 290 rps and 
a temperature ratio of 4.00 for the gas generator. Higher speeds 
and temperature ratios would result in a reduction of engine power 
and efficiency because of the low compressor efficiency for opera- 
tion in the region of lower flow beyond the surge line. 

CONCLUSIONS 

The following generally valid conclusions can be drawn f&m this 
engine study: 

1. A method of analysis has been developed for application to 
jet engines and gas-turbine engines, which clearly shows the opera- 
tion of the compressor and turbine components under all conditions 
of engine operation and permits the estinaation of the effect on 
engine perfcrmanoe of modifications in the performance characterie- 
tics of the engine components. 

2. Approximate estimates of engine performan cecanbemadefrom 
component calibration of the compressor and the turbine utilieing 
cold air. The accuracy of prediction of the gas-flow pressure-ratio 
characteristic with hot gas frcen cold-air calibration is quite good 
ifproper clearance flow corrections are tie. If the turbine operates 
choked or nearly choked, the operation of the compressor in the 
engine may then be accurately prediuted, but the value of the exhaust 
pressure ratio will reflect any inaccuracy In the turbine efficiency. 

3. Complete evaluation of the turbine characteristics may not 
always be possible from experiments of the ccmplete engine and 
elaboration of the experimental procedure may be necessary to extervi 
the range of turbine operation. 

4. The incidence of compressor surge during engine acceleration 
may be determined in the case of choked turbine flow from the opera- 
tion point of the compressor for constant speed at the same temperature 
ratio and speed as for the beginning of acceleration. If the turbine 
is not choked, this criterion will be safe because the ccmpressor 
in acceleration will operate at a condition slightly more removed 
from the surge line. 

Flight Propulsion Research Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio, June 2, 1948. 
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ApPEsTDIx-sYMBOIs 

The following eydbole are used in this report: 

Fm(TT,3) clearance correction factor for turbine torque (or momsnt) 

Fg(TT 3) clearance correction factor for gas mass flow 
9 

f fuel-air ratio 

H enthalpy, ft-poundal/lb 

Hf enthalpy of incoming fuel, f't-poundal/lb 

h heating value of fuel, f't-poundal/lb 

n rotative speed of engine, rpe 

'a auxiliary power ccmeumption such as bearing lose 
ft-powilal/sec 

P gas pressure, lb/sq ft 

R gas constant, fi-Bo-d(lb) (OR> 

T gas temperature, OR 

W mass flow of gas, lb/eec 

w3' mass flow ofgaethroughturbins corrected for tip 
leakage, lb/see 

Y ratio of epscific heats of gas, 0 d av 

4 

A 5 

stagnation enthalpy rise of air in oompreeeor, 
*,2 - %,l V f%-powdal/lb 

stagnation enthalpy drop of gas in power turbine, 
I%-poundal/lb 

"8 c 9 
isentropio rise in stagnation enthalpy of gas in com- 

preseor, ft-pounclal/lb 



26 NACA TN No. 1701 

*HB,t ieentropio drop in stagnation enthalpy of gae in turbine, 
f%-pomdal/lb 

*Bt 

"%' 

etagnatlon enthalpy drop of gas In turbine, ft-poundal/lb 

atagnatlon enthalpy drop of gas in turbine corrected for 
turbine-blade-tip leaka@, fi-pomdal/lb 

fl combustion efflcienoy 

8 ratio of square of eon10 speed of gae to 8quare of conic 
epeed for normal air 

b &as dexmity, lb/ ou f't 

0 ratio of gas density to normal air denstly, p/pet 

SIif.moripte: 

0 free-stream 

1 cmmpreeeor Inlet 

2 oompressor outlet 

3 turbine inlet 

4 turbine outlet 

et standard air 

T etagnat ion 
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Figure 7. - Equivalent isentropic enthalpy 
drop and gas flow through turbine with 

various gas temperatures. 
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